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Abstract 
This article introduces a research on vibration analysis. The goal of the research is to develop a novel method that is convenient 
to use and can be used flexibly for measuring displacement, amplitude, frequency and analyze the spectrum of data. The designed 
equipment is a portable, handheld box with all the required sensors, data processing and display which can do the job without 
auxiliary equipment like PC, measurement amplifier or DAQ devices. 
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1. Introduction 
Vibration analysis is a very important feature in the field of machine monitoring and inspection. With the help of 
vibration measurement and analysis we can determine not only the parameters of the vibration, but we can make 
conclusions about the state of the machines, and their possible failures [1]. Traditionally most of the vibration 
measuring methods are indirect solutions, usually based on acceleration measurement. Acceleration can be 
determined relatively easily with piezoelectric or MEMS (Micro Electro-Mechanical System) type sensors. The 
velocity of the probe can be determined after integration, and the position or displacement can be determined after 
second integration of the acceleration. In special cases, if the amplitude of the vibration is large (order of few 
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millimeters) and the frequency is relatively high the traditional methods – when the sensors must be mounted on the 
vibrating part – are unusable because the inertial forces will damage the sensor or breaks the fastening. On the 
apropos of an industrial task we encountered this problem. The task was an inspection of a vibration head of a 
vibration plastic welding machine. The welding machine is controlled by a PLC; the parameters of the welding 
process can be adjusted on the user interface (HMI) among others the amplitude and the frequency of the vibration 
and the process time. The prescribed parameters of the welding process were the following: 240 Hz frequency, 2 mm 
peak-to-peak amplitude, 0.7 second duration. At first we decided to try to use the traditional measurement method 
with a piezoelectric acceleration meter and magnetic fixation. The accelerometer dropped off with loud noise at the 
moment of the start of the vibration. In this situation contacting measurement methods are unusable.  
 
Nomenclature 
CCD Charge Coupled Device, a type of image sensors   
FPGA  Field Programmable Gate Array, a reconfigurable integrated circuit  
2. Non-contact methods 
As we can see, there are two basic problems with traditional contact-based measurement in special conditions: 
the inertial forces are stressing the fastening and – in some cases – the weight of the measurement head influences 
the results (attenuates the vibration). If these problems arise, then special methods are required. Contactless 
vibration measurement methods are based on displacement gauging; using optical sensors usually laser triangulation 
device or laser interferometer. The laser triangulation device consists of a semiconductor visible laser source and a 
light sensitive device. This measurement method is suitable for our needs, but requires additional equipment (signal 
conditioning, data acquisition, PC or notebook for evaluation). The perfect solution must be a small box without 
cables and sensitive devices that can be put to the vibrating part and acquires, analyses the process. 
2.1. Laser Triangulation Sensors 
Laser triangulation sensors are devices designed to provide relative displacement measurements. This type of 
equipment measures displacement from a manually set zero point. A ‘transmitter’ (semiconductor laser diode) 
projects a spot of light to the target surface, and its reflection is focused to the light sensitive device (‘receiver’) via 
an optical lens. If the distance of the sensor and the object surface changes the position of the reflected light spot on 
the ‘receiver’ changes as well. The integrated signal processing electronics detects the position of the spot on the 
receiving element and – after linearization and additional digital or analogue signal conditioning – provides an 
output signal proportional to target surface distance. The most critical component of this device is the light sensor, 
which can take one of two forms: Position Sensitive Device (PSD) or Charge Coupled Device (CCD). Under ideal 
conditions, PSD-based sensors perform to expectation, however, the reliability and repeatability of the PSD receiver 
is compromised by a number of variations of the target surface, like color, texture and light intensity. CCD sensors 
are a newer, advanced technology, and helped to overcome many of the limitations of the PSD technology. 
However, the speed of response of the sensor to changing surface conditions is still limited by the controlling 
microprocessor. Today the latest CCD arrays and DSP devices have virtually eliminated these shortcomings of the 
device. 
2.2. Laser interferometer 
The laser interferometer is a very precise instrument with resolution in the nanometer range and maximum 
measurement distance of a few meters. The idea behind this type of device is the so called Michelson interferometer: 
taking a beam of light and splitting it into two equal halves using a beam splitter (half-mirror). One of the beams 
projected onto a fixed mirror and from there to a sensing device. This is the reference beam. The other beam is 
projected to a second mirror that is fixed on the surface to be measured. The second beam travels an extra distance 
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relative to the reference beam, so it gets out of phase. When the two light beams meet up at the sensor creates 
interference. It can be constructive (the beams are added together) or destructive (the beams are subtracted). The 
signal processor counts the interferences of the two beams and determines the change in the distance. It follows that 
we can measure only relative distance or change of the distance with this type of devices. In vibration measurement 
and analysis it is enough to know only the amplitude, but laser interferometers are very expensive devices, and 
needs a computer to acquire, store and analyze the data. 
2.3. Line scan camera 
Line scan cameras are image capturing devices having a CCD or CMOS sensor which consists of a single line of 
photosensitive elements (pixels). Therefore, unlike area cameras which generate frames, in this case the image 
acquisition is made line by line. Practically line scan sensors are the same as area based sensors with many pixel 
columns (usually 1024 to 8192) and only one pixel line. One single scanning line of a line scan sensor can be 
considered as a one dimensional mapping of the brightness related to every single point of the observed line. A 
sudden change of the gray (or color) level in a single point corresponds either to a point on the edge of an object or 
to any color or aspect variation of the acquired image. Detection of this change permits a precision measurement, 
thanks to also the high resolution of the linear sensor which is considerably better than the resolution of an area 
based sensor [3]. Another outstanding property of this type of sensors is the high speed [2]. Area based sensors can 
provide only a few tens of frames per second especially in high resolutions, while line scan sensors can produce 
thousands of frames (lines) per second. The high image acquisition frequency makes line scan cameras suitable for 
vibration measurements in cases when the frequency is below 1 kHz, and the amplitude is high enough relative to 
the resolution to the sensor, from a few tenths of millimeters to order of millimeter. When using line scan camera for 
measurement additional equipment is required, a PC or notebook with the appropriate software and depending on 
the interface of the camera a frame grabber board or a network adapter. In industrial environment it is inconvenient 
to put a computer and cables to the workspace of a machine under inspection. 
2.4. Application specific devices 
By improving the measurement method with line scan camera I have started to design a device that can measure 
displacements with a few millimeter amplitude, 0.01 mm resolution and 5 to 10 kHz maximum frequency. The core 
of the device is a Xilinx Spartan 3E FPGA, a CCD Signal Processor and a Toshiba 2048 pixel linear CCD sensor. 
The results of the vibration analysis can be observed on a LCD display and the acquired data is stored on a micro SD 
card that can be read on a PC or notebook for further analysis. A Field Programmable Gate Array (FPGA) is a 
special type integrated circuit designed to be configured accordingly to the actual task after manufacturing. The 
configuration is specified using a hardware description language. FPGAs contain programmable logic components 
and a hierarchy of reconfigurable interconnects. Logic block can be configured to perform complex combinatorial 
functions, or simple logic gates. In most FPGAs, the logic blocks also include memory elements, flip-flops or 
complete blocks of memory. If the design needs only a few bytes or kilobytes of memory, then it can be configured 
as so called Block RAM inside the FPGA and needs no external memory. 
3. The designed device 
The basic principle of the designed system is detecting a sign on the moving or vibrating surface, determining the 
position, scale data to real-world datum, acquire, analyze and store data. The scheme can be seen on Fig 1. The 
picture of a signed plate (b) mounted on the target surface (a) projected through an appropriate optic lens to the line 
scan sensor (c). The sensor’s analogue output signal is converted to 16 bit digital data by a CCD Signal Processor 
(equals to an Analog to Digital Converter, ADC). This digital signal is processed by special modules inside the 
FPGA. This module finds the sign on the scanned line and determines its position (pixel number). When the optical 
parameters are known, the pixel position can be converted to real-world position. After the acquisition and analysis 
of sufficient frames and positions the parameters of the vibration can be computed, which can be displayed and 
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stored. Since the device doesn’t store raw pixel values or images only one position per frame, the resulting data set 
can be stored and transferred easily. The development is in early phase, but the preliminary calculations shows that 
the results can be stored inside the FPGA and the data stream can be transferred even on an RS-232 interface (with 5 
kHz sampling rate: 5000*2 bytes per second). 
 
Fig. 1. Schematic of the measuring system 
 
The first part of the work was to create the clock and synchronizing signals for the linear CCD sensor. Precise 
timing is crucial for CCD sensors, it influences the image quality. A linear CCD sensor needs 3 synchronizing 
signals: one or two phase “clock” signals, a “shift” signal, that shifts the pixel data inside the circuit like in a shift 
register, and a “reset” signal, that reinitializes the sensor’s internal circuits between two samples. When the timing is 
correct, the sensor puts analogue voltage values on the output pin on every cycle that represents each pixel. The next 
step is to read the data from the CCD Signal Processor which works as an Analog to Digital Converter (ADC) at 
high sample rate and converts the analogue voltage output of the sensor from pixel to pixel to 16 bit wide digital 
data and does some signal conditioning. After this step we have the array of the pixel values. Until this step the 
device is more or less equal to a commercial line scan camera. Commercial line scan cameras have to acquire the 
pixels from the sensor, store them into the buffer and transfer them over a sort of interface to the computer for 
processing. Storing and transferring every pixel data requires rather high data storage capacity (megabytes per 
second) and very high transfer speed. The main goal of the designed device is the intelligence and the application 
specific design. This design issues that the device will do vibration measurement and analysis at maximum 
efficiency. In contrast with line scan cameras this device will not store and transfer raw pixel data but will do the 
analysis of acquired data and will store and monitor only the results. The designed block diagram is shown on Fig. 
2. In the next section the role and the effect of the blocks will be explained one by one.  
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3.1. The modules 
All of the basic function modules of the design are implemented in the Xilinx Spartan 3E FPGA. This 
architecture makes possible to do the data processing in real-time. The role of each module in a few words: 
x Clock gen.: generates accurate timing signals for the linear CCD sensor and synchronizing signals for the 
entire system 
x Control: the scheduler of the system, controls the operation of all modules 
x data in: acquires the data from the image sensor through the signal processor 
x signal proc.: the signal processor, reads the data from the “data in” module (through a buffer memory), 
processes the image, determines the position and handles the Fast Fourier Transform block. The FFT module 
reads the value array on their input, calculates frequency spectrum and outputs the data array 
x Display: handles the LCD screen, shows the results for the user, and handles the keypad for user interaction 
like setting parameters 
x Storage: this module will handle the SD card to store results for further use 
   
4. Conclusion, results 
The prototype of the system is built and first tests show that the design is operable. In current state can measure 
frequency up to 1 kHz and amplitude to 5 millimeters with a resolution of 0.02 mm. The user interface needs further 
developments to provide convenient application. The accuracy of the measurements can be improved by securing 
the exact position of the device relative to the target. The prototype under test shown on Fig. 3. 
Fig. 3. Photo of the prototype 
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